Although humeral head replacement provides pain relief and increases range of motion, 2, 8, 10, [15] [16] [17] the complication rate is still of great concern. 1,3 The outcome of a humeral head replacement is influenced by several factors, such as the type of disease, the condition of the rotator cuff, the prosthesis used, the instruments used, the surgical technique, and the experience of the surgeon. 2, 3, 15 For an enhanced functional outcome, one or more of these factors should be improved. For improvement in the per-operative technique, insight into the existing operative technique is needed. This insight can be obtained by evaluating the operative procedures with the use of time-action analysis.
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Time-action analysis is a quantitative method that measures the number and duration of the actions needed for an operator to achieve his goal and the efficiency of these actions. 12 In contrast to industry and aerospace, in the medical field, only few timeaction studies have been performed, the majority of them in laparoscopic surgery. 4, 6, 11, 13 For example, in diagnostic laparoscopic surgery, time-action analysis showed that 52% of the actions were efficient. 6 After the outcome of the time-action analysis is discussed with the surgeon, the operative technique of laparoscopic colon resection could be improved and the operative time could be significantly decreased. 13 Joice et al 11 used a similar method and found that in laparoscopic cholecystectomies, a large number of errors occurred, fortunately, none of which resulted in a complication. These studies show that time-action analysis can be used to gain insight into the operative procedure. Although the results of these studies do not predict the surgical outcome, their insight can be used to improve the operative procedure and instrumentation.
The goal of our study is to investigate whether time-action analysis is a useful technique by which to evaluate orthopaedic surgical procedures objectively. In this study, a humeral head replacement is evaluated by measuring the duration and number of all performed actions. These parameters are grouped with respect to function, and the percentage of goaloriented functions is determined. Limitations of the procedure are described and quantified, and recommendations to improve the operative technique are given. Finally, the limitations and advantages of timeaction analysis are discussed.
MATERIALS AND METHODS

Surgical procedure
Eight humeral head replacements were evaluated; they were performed by one experienced surgeon (P.M.R.) in 6 patients with rheumatoid arthritis and in 2 patients with osteoarthritis. The joint was reached by a deltopectoral approach. The tributaries of the cephalic vein were ligated; the vein itself was left intact. The subscapularis tendon was split and reattached afterward. When needed, ruptures of the rotator cuff were repaired. During the procedure, two resident surgeons and one experienced scrub technician assisted the surgeon. An uncemented Multiplex shoulder prosthesis and Multiplex alignment instruments (ESKA Implants, Lübeck, Germany) were used in all cases. The alignment instruments consist of an instrument to determine the center of the humeral head, an instrument to determine the sawing direction, an instrument to drill the hole in the humerus, and several test prostheses.
Time-action analysis
Video recordings of the procedure were made by two cameras, one giving an overview of the total operative field and one placed on the head of the surgeon, giving a detailed view of the surgeon's hands. The two images and the sound were recorded simultaneously with the use of a videomixer. The recordings did not interfere with the surgical process and were analyzed offline. The medical ethical committee of the Leiden University Medical Center approved the research.
Each procedure was divided into a preparation, a prosthesis, and a closure phase, and each phase consisted of subsequent tasks (Table I ). The task analysis started with the first knife incision in the preparation phase and stopped when the last suture was placed in the closure phase. During each task, several actions were performed (eg, cutting with a knife or scissors, coagulating, moving the arm, and waiting). All performed actions and their duration were scored with the use of a thesaurus of 68 strictly defined actions. These actions were grouped by their function in order to obtain a better overview (Table II) . Goal-oriented functions are defined as those functions that contribute directly to the advancement of the operation. The percentage of goal-oriented functions is a measure of the efficiency of the operation. 14 In a perfect procedure, all tasks would be performed without any need for correction or repetition and without unintentional damage to the surrounding tissue. However, repetition and correction are needed in most procedures because of the complexity of the surgical approach, the limitations of the instruments, or the experience of the surgeon. Five classes of limitations can be distinguished: repeated actions, instrument failure, unintentional tissue damage (bleeding or fracture), incorrect timing of a task, and omitted action. 
RESULTS
In none of the 8 humeral head replacements did a per-operative complication occur. The median duration of a humeral head replacement was 105 minutes (range, 83-136 minutes), and the median number of performed actions was 437 (range, 352-593).
Number and duration of actions
The preparation phase had a relatively large number of actions and a large variation because of short actions such as swabbing and coagulating and the different number of actions needed to obtain a good exposure (Figure 1 ). The outlier was caused by an operation in which a large number of small bleedings occurred.
The prosthesis alignment and insertion phase had the largest variation, in both duration and number of actions. This variation was caused by the variable number of necessary refinements, the varying bone quality among patients, and the different number of actions needed to obtain a good exposure.
The closure phase had the smallest number of actions because the most time-consuming action, suturing, was hardly interrupted.
Functions
In the preparation phase, both preparing and stopping bleedings were time-consuming functions; 51% of the functions were goal-oriented (Figure 2 ).
In the prosthesis insertion and alignment phase, both preparing and aligning and inserting the prosthesis were time-consuming; 56% of the functions were goal-oriented.
In the closure phase, suturing was the main function; 85% of the functions were goal-oriented.
A large part (11%) of the operative time was spent waiting (Figure 2 ). In the preparation phase, the waiting time varied between 1.3 and 6.7 minutes, in the prosthesis phase between 3.7 and 7.2 minutes, and in the closure phase between 0.0 and 3.5 minutes (Table III) . The main cause for waiting was changing instruments (39%).
Tasks in prosthesis alignment and insertion phase
The most time-consuming tasks were sawing the humeral head and testing the stem; the shortest task was testing the range of motion (Table I, Figure 3 ). The placement of the sutures for reattachment was the most goal-oriented task. During placement of the stem and placement of the head, a rather large waiting time (1.3 and 0.9 minutes, respectively) was observed, due to the fact that the size of the prosthesis had to be determined during the procedure, and the surgeon was waiting while the correct prosthesis was unpacked. 
Limitations
In the preparation phase, 3 limitations resulted in a bleeding, with a restoration time varying between 0.2 and 3.5 minutes (Table IV) .
In the prosthesis phase, all 53 limitations except 3 were repeated actions. The duration of the repeated actions varied between 0.2 and 6 minutes. The total time used for repeated actions varied between 2.1 and 11 minutes (14%-35% of the duration of the prosthesis phase).
In the closure phase, only 3 limitations were observed, with a restoration time varying between 0.1 and 2.5 minutes.
DISCUSSION
A relatively complicated orthopaedic surgical procedure was evaluated by use of time-action analysis. This analysis method gave a detailed insight into the per-operative process, and the results prove that this method can be used to measure the efficiency of an operative procedure and to identify the limitations of the surgical process that need further investigation.
Surgical procedures have mostly been analyzed with respect to functional outcome and/or postoperative complications. These analyses, however, hardly provide any insight into the problems of actual complex perioperative procedures. Our evaluation method provides this insight, but it gives only partial information about functional outcome and complication rate. It may well be that a more efficient surgical procedure jeopardizes the postoperative course. For example, the preparation phase may have a shorter duration when a different approach is used for example, ligating the whole cephalic vein instead of ligating the tributaries. Ligating this vein, however, can decrease the functional outcome for the patient by decreasing the blood drainage of the lower arm, which can result in slight edema of the arm. Therefore, a more time-consuming approach can have a better functional outcome. We emphasize that timeaction analysis measures neither the quality of the surgery nor the quality of the surgeon. A longer operative time can be the result of the inexperience of the surgeon, who needs more time to think and to look. But it can also occur by an experienced surgeon, who knows that more time spent on tissue balancing or aligning the prosthesis will improve the functional result for the patient. Therefore, this evaluation method should be used with care, especially when different surgeons or different surgical techniques are compared.
Time-action analysis can be used to identify problems and limitations of the operative procedure. A limitation does not imply a complication; in none of these 8 humeral head replacements did a per-operative complication occur. Some of the limited actions can be made on purpose; for example, when the surgeon wants to replace the center of the humeral head, the original center is identified and used to determine the new center for the prosthesis. During the time-action analysis, this is seen as a repeated action. Some of the limitations can be caused by the condition of the patient. For example, a pin placed to mark the center of the humeral head can be displaced because of variable bone density. Therefore, the surgeon has to replace the pin. Finally, a limitation can The duration is given in seconds. The percent of the total waiting time in each phase is shown in parentheses. be caused by the operative procedure, inadequate alignment, instruments, or the surgeon. Time-action analysis cannot determine the real causes of these limitations.
The outcome of time-action analysis depends on the thesaurus of actions used. In this study, we used 68 actions to describe the entire procedure. Suturing, for example, was defined as one action. This action could have been divided into smaller tasks such as putting the thread in the needle, placing the suture, tying a knot, and cutting the thread, which would have resulted in more, shorter actions but also in more time needed for the evaluation. In further research, directed to certain limitations or phases of a procedure, it may be useful to define the actions related to these limitations or phases in more detail.
The main shortcomings of the time-action analysis method are due to the fact that the reason for a certain approach or action cannot be determined. Therefore, for a good interpretation of the results, interaction with the surgeon is very important. The surgeon is aware of certain limitations and inefficiencies, which he can explain. He or she may not be aware of some limitations or inefficiencies, and after recognizing them, he or she can try to reduce them. In addition, for the development of new instruments, it is important to know why a surgeon uses certain actions and approaches. Time-action analyses and discussing the outcome with the surgeon are necessary to obtain this knowledge.
Per-operative evaluation of humeral head replacements provided a detailed insight into the limitations delaying the operative process. Most of the 64 limitations were repeated actions during the prosthesis alignment and insertion phase. An incorrect alignment of the prosthesis may lead to decreased functional outcome. 5 New alignment instruments, especially computer-guided instruments, 9 may reduce the number of repeated actions and may improve the alignment of the prosthesis.
Time-action analysis can be used for comparison of different prostheses with their alignment systems. In this study, the Multiplex prosthesis and alignment tools were used. The Multiplex prosthesis was selected because it has an instrument by which to determine the center of the humeral head, whereas most other prostheses do not have such a tool. Time-action analysis does not show whether the prosthesis is placed correctly. However, assuming that the prosthesis is placed correctly, it can be used for evaluating the efficiency of the alignment instruments per-operatively in terms of repeated actions or time spent on using the instruments. More research is needed to measure differences between different instruments. Improving efficiency, quantified by the percentage of the duration of the goal-oriented functions, can be difficult, because some functions are needed to obtain a sufficient view of the glenohumeral joint. The efficiency may be improved by using bipolar scissors, which may lead to fewer bleedings and, therefore, decrease the time spent on checking for and stopping bleeding. 7 The efficiency may also be improved by decreasing the waiting time, which accounted for 10% of the total operative time (11 minutes). The change of instruments caused 39% of the waiting time; a more efficient instrument table may decrease this time. Searching and unpacking the prosthesis caused 23% of the waiting time (2 minutes). Before the procedure, an estimation of the appropriate prosthesis size is made, but this has to be checked during the operation. Therefore, the prosthesis is looked for and unpacked late in the operation while the surgeon has to wait. A better preoperative estimation of the prosthesis size can reduce this time, because the prosthesis can be unpacked earlier during the procedure. This time-action analysis method can also be used for training resident surgeons. Their results can be compared with recordings of an experienced surgeon who used the same instruments and operative procedure. Such an analysis will provide information about the learning curve of surgical skills. Furthermore, it elucidates the tasks or actions on which training of the resident should be focused.
In summary, we showed that time-action analysis can be used for an objective evaluation of the peroperative surgical process during humeral head replacement. This method gives insight into the most frequently used actions and the number of goal-oriented and additional functions. Limitations can also be identified with this method. In the future, this evaluation method can be used to evaluate the improvement of new surgical instruments and/or alternative surgical procedures.
